Single-parameter non-adiabatic quantized charge pumping 
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Controlled charge pumping in an AlGaAs/GaAs gated nanowire by single-parameter modulation is 
studied experimentally and theoretically. Transfer of integral multiples of the elementary charge per 
modulation cycle is clearly demonstrated. A simple theoretical model shows that such a quantized 
current can be generated via loading and unloading of a dynamic quasi-bound state. It demonstrates 
that non-adiabatic blockade of unwanted tunnel events can obliterate the requirement of having at 
least two phase-shifted periodic signals to realize quantized pumping. The simple configuration 
without multiple pumping signals might find wide application in metrological experiments and 
quantum electronics. 

PACS numbers: 72.10.-d,73.23.Hk,73.22.Dj,73.23.-b,73.63.Kv 
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An important milestone in the study of single electron 
transport is the closure of the quantum metrological tri- 
angle for frequency, dc current, and dc voltage Dc 
voltage is currently realized from the frequency standard 
through the Josephson effect. Dc current can then be 
derived using the quantum Hall effect. Direct realization 
of dc current from frequency is the currently missing side 
of the triangle. The closure of the quantum metrological 
triangle provides a test whether the fundamental con- 
stants really appear the same in these different systems 
0]. The results of this kind of experiment will also im- 
pact on a future system of units which might be based 
on fundamental constants [s^]. 

A current source relevant for the above experiments 
must produce at least nanoampere currents to be measur- 
able with sufficient accuracy. The electron pump based 
on arrays of Coulomb blockaded quantum dots (see Q 
for a review) or quantum interference 0, 0] is one 
class of devices beinginvestigated with respect to metro- 
logical relevance 0,11, Hi- Electron pumps are typically 
driven by multiple radio frequency (rf) signals with a 
well maintained phase relationship, producing a quan- 
tized current, i.e. limited to certain values according to 



/ = —nef (with n = 1,2,3..., e the negative elemen- 
tary charge and / the driving frequency). Usually, the 
accuracy in / degrades with increasing /, which has so far 
prevented the generation of sufficiently accurate nanoam- 
pere currents. An alternative, but challenging task would 
be the parallelization of pumps driven at intermediate 
frequencies. Here, pumps requiring only a single rf sig- 
nal would fundamentally reduce the complexity in the 
parallelization of such devices. However, electron pumps 
driven by only one gate 1^, 11, 13, 13| have so far not 
experimentally demonstrated the generation of quantized 
current. In addition, most models of quantized pumping 
0, H, 0, 3 3 12 1 have assumed at least two param- 
eters modulated out phase, which may be motivated by 
the fact that in the adiabatic limit a single periodic per- 
turbation cannot determine the direction of the current 

In this paper we address this issue and report on the 
first experimental realization of quantized charge pump- 
ing in which only one gate is modulated. We demonstrate 
on a transparent quantum model that the observed cur- 
rent quantization can be explained via a simple load- 
ing and unloading mechanism of a dynamic quasi-bound 
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FIG. 1: (Color online) Picture of the device (left) with TiAu 
finger gates over the etched channel. In the SEM picture 
(right) bias and gate voltages are indicated, showing the gate 
colored in red as being modulated. The source (S) and drain 
(D) reservoirs are indicated. The hatched regions are depleted 
of the 2D electron gas, defining a wire of 500 nm in width. 
A quasi-bound state is formed between Gates 1 and 2, as 
indicated by the white ellipse. The direction of the pumped 
electrons is indicated by the white arrow on the left. The 
lowest gate is not in use in this experiment. 

state. Previously, such a mechanism was suggested Q to 
explain the theoretically predicted quantization in two- 
parameter adiabatic quantum pumps 0, [l^ , where the 
necessary switch in spatial asymmetry between loading 
and unloading is ensured by a phase shift between two 
periodic signals. The novelty of our scenario is that 
an effective phase-shift is intrinsically generated by non- 
adiabatic blockade of tunneling, for which the modu- 
lation of a single parameter is sufficient. Thus non- 
adiabaticity in our device not only plays a constructive 
role but is essential for the quantized pump to work. 

The device is realized by two 100 nm-wide metallic fin- 
ger gates crossing a wire etched in an n-type AlGaAs het- 
erostructure, as shown in Fig. [TJ The lithographic width 
of the wire is 500 nm and the distance between the gate 
centers is 250 nm. All measurements were performed in a 
■^He cryostat with a base temperature of 300 mK. Figs. [2^ 
and b show the characteristics of the two metallic finger 
gates. The source-drain current Isu is plotted as a func- 
tion of gate voltages Vi and V2 applied to Gate 1 and 
2, respectively. The wire is biased with Vsd = +50 ^V. 
The pinch-off voltages of Gates 1 and 2 are — 50mV and 
—80 mV, respectively, while the other gate is grounded. 

For quantized charge pumping the device is oper- 
ated in the following way: Both gates are driven be- 
yond pinch-off by static voltages of Vi = — 81mV and 
V2 = — 140 mV. A sine wave modulation with frequency 
/ = 80 MHz is superimposed onto Vi. The applied rf 
power of 13.5 dBm corresponds to an amplitude at Gate 
1 of approximately ±75 mV, as estimated by conductance 
measurements. For values of V2 < —140 mV electrons are 
pumped from source to drain, i.e. Isd < 0, as shown in 
Fig. Four clear plateaus are observed as V2 is varied 
from —145 • • ■ — 190 mV. The plateaus are separated by 
AI = 12.8 pA as expected when the number of trans- 
fered electrons per cycle changes by one. Therefore we 
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FIG. 2: Gate characteristics shown in (a) and (b). In (c) /sd is 
plotted when rf modulation is applied to Gate 1. Snapshots of 
the time dependent potential U during loading and unloading 
of a single electron, are shown in the insets. Calculated U and 
the wavefunction of the relevant transport state correspond 
to the calculation presented in Fig. [3] 

conclude that in this configuration up to 4 electrons can 
be transfered in one cycle, depending on the value of 
V2. The current can be generated in the unbiased de- 
vice, but here a bias voltage, Vsu = +50 /uV, was ap- 
plied opposite to the pumping direction to demonstrate 
the robustness of the quantized pumping effect. While 
the length of the plateaus decreases with increasing n, 
no degrading of the plateau flatness is observed. Thus, 
the number of pumped electrons is stable over a con- 
trollable parameter range. The current value for n = 4 
was determined around the center of the plateau to be 
-^SD = (—52 ± 1) pA, where the accuracy was limited by 
the measurement setup, not by the device. The theoreti- 
cal value of 4e/ — —51.3 pA lies well within the measure- 
ment accuracy. Quantized current has been measured for 
Vi = —40 to —95 mV. Similar results were obtained for a 
range of modulation frequencies from 75 to 85 MHz, with 
the corresponding plateau values. 

For a quantitative theoretical analysis of the quantiza- 
tion mechanism we consider a simple quantum model of 
non-interacting electrons confined in a one-dimensional 
wire and subjected to a time-dependent double-barrier 
potential plotted as inset in Fig. [2j; 

U{x,t) = C/i(t)e-(^+^°)'/"'' +i72e-(^-='°)'/"'' (1) 



3 



with a harmonically oscillating left barrier, Ui{t) = 
— cos{2n ft). The boundary conditions are de- 
fined by a Fermi distribution of electrons coming from 
the left, /f(a* + gVsd), and from the right, /f(/^), where 
fi is the electrochemical potential of the drain. Standard 
parabolic dispersion is taken for the wire assuming bulk 
GaAs effective electron mass m* — 0.067me. 

Full statistics of the stationary state in this model, in- 
cluding the dc current and the Fano factor, can in prin- 
ciple be obtained by solving the corresponding Floquet 
scattering problem [isl [l9j. However, the high number 
of excited side-bands in the vicinity of the adiabatic limit 
renders such a calculation impractical. In order to pro- 
ceed with the calculation, we restrict the parameters such 
that at all times there exists at least one quasi-bound 
state in the potential well formed between the barriers. 

The instantaneous energy level eo(t) and its broaden- 
ings due to tunnehng coupling to the left, Ti^{t), and to 
the right, rfi(i) for the lowest of these states are ob- 
tained numerically by solving the frozen-time scattering 
problem and approximating the corresponding resonance 
with a Breit-Wigner formula. 

The other quasi-bound states can be ignored if the gap 
from the lowest state, Ae = ei — ep, is sufficiently large, 
Ae > fj, — eo,hf,kBT. It has been shown in Ref. [iJ 
(preprint version) that exact results for adiabatic (/ 0) 
pumping via a single resonance can be accurately approx- 
imated for F fcsT by solving a simple rate equation 
for the level occupation probability P{t): 
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?iP= (rL-l-FR,)[/F(eo)-/'] 



(2) 



(henceforth we consider pure pumping only, Vsd = 0). 

We shall assume Eq. ([2|) to hold also in the non- 
adiabatic regime as long as the only characteristic energy 
scales allowed to be less than hf are the tunneling widths 
Tl and Fij. The average dc current, / = —eNf (where N 
is a real number) , is then easily calculated by separating 
the left and right contributions to the full tunneling cur- 
rent in the r.h.s. of Eq. Physically this assumption 
corresponds to neglecting the dynamics of hot electrons 
and holes outside the double-barrier structure. 

Results of our calculations, summarized in Figs. [3] and 
E] and discussed below, reveal three physically different 
transport regimes: (A) small next-order non-adiabatic 
corrections N (x f, to the symmetry-dictated 
adiabatic limit N{f — » 0) = 0; (B) current quantization, 
iV « 1, as achieved in the present experiment; and (C) 
crossover to approximately frequency-independent cur- 
rent, N oc f~^, at high frequencies. Typical evolution 
of the tunneling couplings during one cycle is shown in 
Fig. [3^. Coupling to the left F^ changes exponentially 
because of left barrier height Ui modulation, while F/f 
changes mainly due to oscillations in eo- 

The qualitative behavior of our pumping model is de- 
termined by the competition between tunneling and non- 
adiabaticity. At finite frequency /, the transport be- 
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FIG. 3: (Color online) (a) Instantaneous values of the tunnel- 
ing broadenings TL(t) and rij(t) for the lowest quasi- localized 
energy level eo(t). The left barrier oscillates harmonically 
with an amplitude Uf'^ = 100 meV around the value Uf'^ = 
160 meV, the right barrier is fixed at U2 = 120 meV. Hori- 
zontal lines A, B and C mark the energy quanta hf for three 
representative frequencies, (b) Corresponding level occupa- 
tion probability P{i) at the selected frequencies, (c) Time 
evolution of the lowest quasi-localized energy eo if) ■ The blue 
ellipses indicate regions of charge exchange in regime B. Model 
parameters are 2xo — 250 nm, w — 95 nm, fi — 58meV, 
T = 300 mK. 



comes blocked as soon as the corresponding tunneling 
cou plin g F is less than a characteristic scale of order hf 
3 20[ . Three representative values of hf are indicated 
in Fig. [3^ corresponding to the scenarios A, B, and C. 

In the weakly non-adiabatic regime (A) , the tunneling 
between the local level and at least one of the two reser- 
voirs is quick enough to keep the occupation probabil- 
ity close to instantaneous equilibrium, P{t) « /F(eo(^)) 
(see curve A Fig. [3}d). Transitions of P{t) between 
and 1 (charge loading and unloading of Ref. [3) in this 
case appear as sharp steps at the time moments when 
the transport level crosses the Fermi energy, eo{t) = fi, 
which can be obtained from Fig.[3J:. Because of only one 
pumping parameter, the ratio Fl/F/j is the same at these 
two charge transfer points, and the net pumped charge 
remains close to zero. 



A qualitative difference from the nearly-adiabatic 
regime (A) is observed once the frequency is high enough 
to ensure that in a certain part of the period tunnel- 
ing to both sides is effectively switched off (regime B). 
Then the loading ( "in" ) and unloading ( "out" ) processes 
are delayed with respect to crossing of the Fermi level. 
The reason for the delay is that the tunneling rates, T/h, 
first have to grow sufficiently large to allow for charge 
exchange with the leads (see regions marked by ellipses 
in Fig. [3^ and c, and corresponding potential snapshots 
in Fig [2]). This delay is clearly visible in the plots of 
P{t) as marked by arrows in Fig. [3]3. As a result, the 
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FIG. 4: Calculated average number of pumped electrons per 
cycle as a function of the driving frequency. Model parameters 
are the same as in Fig.O Inset: number of pumped electrons 
at the experimental frequency / = 80 MHz (point B of the 
main plot) as a function of the fixed barrier height f/2- Open 
symbols indicate points in the parameter space at which the 
total width Tl + of the quasi-bound state briefly exceeds 
fcsT at the extreme values of Ui{t). 



barrier asymmetry ratio F l /^r has time to become ^ 1 
for loading, and <C 1 for unloading as required for nearly 
integer charge transfer from left to right in one cycle. 

Frequency increase beyond the optimal range of opera- 
tion would lead to incomplete loading and unloading, and 
as a result reduce the accuracy. This reduction is simi- 
lar to the degrading role of non-adiabaticity discussed in 
Ref. [13] ■ Eventually, in the high-frequency regime (C) 
of our model the tunneling events become rare on the 
time-scale of a single period, and the occupation prob- 
ability P(t) approaches a constant time-averaged value 
iTL + rR)fF{eo)/{TL+TR). 

The results of the calculation of the average charge 
transfer per cycle are shown in Fig. 3] for a range of 
frequencies. Since the precise shape and magnitude of 
the screened gate potential inside the channel are not 
known, the barrier heights and width in Eq. ([1]) have 
been optimized once for Fig. [3] and Fig. 0] to give the 
best-quantized plateau at the experimental frequency of 
/ = 80 MHz while remaining within the validity range of 
our rate-equation-based calculation. Changing the po- 
tential on Gate 2 reveals the current quantization step 
shown in the inset in Fig. 3] (compare to experiment in 
Fig. (2). The current drops as U2 is decreased because 
the right barrier becomes leaky and allows loading from 
the drain. In the experiment, this leakage determines the 
maximal range over which plateaus can be measured, i.e. 
for voltages V2 < — 145mV. 

In conclusion, we have demonstrated quantized charge 
pumping through a nanowire using one modulated gate 
at 80 MHz and one gate with a fixed gate voltage to select 
the number of charges pumped per cycle. The possibility 
to produce quantized current via single-barrier modula- 



tion significantly reduces the complexity in operating a 
large number of independent devices in parallel with a 
single rf signal. The principle of operation is analysed in 
a simple quantum mechanical model. Besides providing 
a transparent framework for describing the quantization 
mechanism it shows the essential role of non-adiabaticity 
for the pump to work. This understanding together with 
the technical advantages of single-parameter pumping 
could open the door for an accurately quantized, large- 
current source as needed for fundamental experiments in 
metrology and quantum electronics. 
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